G ilbert S m ithso n A dair was b o m in W hitehaven of Q uaker p arents, H arold and A nna M ary A dair (
nee Jackson). T h e A dair hailed from S cotland, several m em bers com ing south to settle in C um berland after the 1745 rebellion in w hich they had been involved. H arold A dair was m anager of an iron ore m ine in W est C u m b erlan d and one of his b ro th ers was also involved in m ining in S o u th Africa. A nna A dair, w ho cam e from G arstang, was very influential in the education of b o th G ilb e rt and his one younger sister, L ucy, to w hom G ilb e rt was devoted th ro u g h o u t his life. B oth children w ere tau g h t privately at hom e by a governess in th eir early years. F ro m b o th p arents as well as from his grandfather, Joseph A dair, G ilb ert in h erited a lasting love of all form s of natural history, particu larly botany. Jo in t expeditions w ith his father m u st have been freq u en t for they am assed considerable collections of b o th pressed flowers and grasses w hich are in the m useum s of Carlisle and York respectively, w here they are ultim ately to be jo in ed by his relevant notebooks. F ro m his father, G ilb e rt also inherited a lasting in terest in geology.
W hen G ilb ert was very young, the fam ily m oved to E grem ont, living in a house 'R ingingstone' close to the sea. G ilb e rt was often taken dow n to the beach by his m o th er to collect anything of in terest there and, equipped as he was w ith a m icroscope and other facilities for observing sea life in a small laboratory in the house, it is hardly surp risin g th a t his inclinations tow ards natural history w ere th u s fu rth er developed. H ow ever, another form ative influence was G ilb e rt's uncle A lfred A dair, w ho was an analytical chem ist w orking in C um berland. A lfred had benefited at an early stage from w orking in H eidelberg w ith B unsen, so th a t the m ore chem ical and physical sides of G ilb e rt's education w ere n o t neglected. In fact G ilb ert was quite p ro u d to have the link w ith B unsen and G erm an science in general.
As G ilb ert grew older his expeditions in search of specim ens took h im fu rth er afield am ong the n eighbouring fells and m ountains, w here, am ong others, he m et the well know n A braham s clim bing fam ily. T h u s began another of his lasting m ajor interests, m ountaineering, an in terest in w hich he was to indulge for alm ost 40 years. In som ew hat m odified form , it led him , du rin g un d erg rad u ate and considerably postgraduate years, over m any of the challenging buildings of C am bridge, including his beloved K in g 's College C hapel.
G ilb ert was sent to Bootham , th e Q uaker school at Y ork, in his early teens and found life th ere som ew hat spartan even for his sim ple tastes. H ow ever, he was able to range far and w ide in his collecting of specim ens, and the school recognized his talents in biology and chem istry, besides providing a sound classical education w hich he very m uch valued. C uriously, how ever, he felt th at his m athem atics had been neglected and, in later life, expressed the view th a t some of his experim ental papers, particularly the osm otic pressure papers of the late '20s, w ould have been strengthened by m ore sophisticated m athem atical treatm en t. H ow ever, he was conscious of this defect m u ch earlier for he recalled m eeting Sir A rth u r E ddington w hile atten d in g Q uaker m eetings in C am bridge and discussing the subject w ith him . S ir A rth u r had p ro m p tly offered to supervise A dair in regression analysis and sim ilar topics, b u t it is n ot clear w hether supervision actually took place or, if it did, w h eth er it was beneficial. Early in W orld W ar I, A dair attem p ted to join P hilip B aker's (F riends) A m bulance U n it b u t failed for health reasons. Eyesight was probably the cause for even in childhood his m o th er had been w orried on this account and had taken G ilb ert to visit an oculist in L o ndon. In other respects he enjoyed good health th ro u g h o u t his life, so th a t he was able to practise his sport of clim bing in C am bridge and elsew here u n til late m iddle life.
College life and earlier career
It was in 1915 th a t he came up to K in g 's College, C am bridge, as a scholar, w ith only ten com panions. In th e previous year he had com e up from school to K in g 's to take the entrance scholarship exam ination and the usual interview . H e used to recount how he had stayed in a double set of room s and had been regally attended to by College staff w ho had b ro u g h t him a m agnificent old-tim e breakfast on a silver tray. H e w ould continue by saying, w ith a tw inkle, th a t he w ould n o t have m inded com ing u p for a second exam ination and interview u n d er th e same conditions. H e obtained a first in N atu ral Sciences in 1917, and th en was one of the first to be em ployed by the Food Investigation Board w hich had recently been set up to look into the question of the prevention of w astage of food, particularly fish, m eat, fruits, etc. on cargo ships. A d air's problem , on the preservation of fish, took h im to Billingsgate w ith A. L um ley (later D irecto r of the T o rry R esearch Station, A berdeen) and he was granted some laboratory b en ch space and the m eagre in stru m en tal facilities of the tim e in the D ep artm en t of Physiology, U n iv ersity College L o ndon, by P rofessor W . M . Bayliss, th en head of th e d ep artm en t. It seem s likely th a t the w ork involved storage of fish in th e presence of various gases, p robably including m ethane, for A dair used to recall th a t explosions som etim es occurred and he accidentally overheard a conversation in w hich it was suggested by one of the higher staff th a t A d air's im m ediate supervisor should allow A dair to do this p a rt of the experim ental w ork alone for he was expendable. H ow ever, no serious accident occurred and in 1920 A dair retu rn e d to K in g 's College, C am bridge, as a research stu d en t w ith the R. J. S m ith S tu d en tsh ip .
C lim bin g activities
It was at this period th a t he jo in ed the Fell and Rock C lim bing C lub, and, probably as a result, m et fu tu re clim bing com panions, notably E. W allis and U lick R. Evans. Lacking m ountains in the C am bridge area, he and his com panions tu rn ed to roof clim bing at w hich they clearly developed m uch skill and experienced m u ch excitem ent. Few of the m ore interesting university and college buildings com pletely escaped th eir attentions, and in later life, A dair w ould laughingly describe how he once descended tem porarily into the arm s of an irate M r H ayw ard, the draconian p o rter of th e N ew M useum s site in pre-w ar days. U . R. E vans in his privately publish ed Outdoor activities (1964) w rites th u s of his clim bing experiences w ith A dair (referred to as A.):
'Som e of m y m ost successful clim bing was as a m em b er of a p arty of three, w ith A. as leader and M . [probably F. G . M ann] as th ird m an. A. was a contem plative clim ber, w ho before each m ovem ent gave the solid geom etry of the situation earnest scientific study, and then, having at length decided on the rig h t positioning of hands and feet, p u t his decisions into operation w ith speed and neatness. It soon becam e apparen t to his p artn ers th a t these pauses betw een th e m oves in the gam e of chess were n o t due to any lack of confidence, b u t w ere an essential p art of the m ethod adopted. I had am ple o p p o rtu n ity to study th a t m ethod, since A. liked to have, as second m an, som eone w ho handled the rope in a m an n er suitable to his requirem ents; I was able to do th is.' T h ere is a close parallel here to his approach to scientific problem s. Evans clim bed w ith A dair no t only in the Lake D istrict b u t also in the D olom ites and usually took w ith him a small cam era. H is book contains several pictures of A dair scaling some precipitous rock faces. U ndo u b ted ly , how ever, the feat of w hich A dair was m ost p roud was the clim bing of the south-w est tow er of K in g 's C hapel, on 11 A ugust 1921 w ith E. W allis, the first know n tim e this had been perform ed. A t a m eeting on 'M olecular w eight d eterm ination by the osm otic m e th o d ' of th e B ritish Biophysical Society on 29 June 1966, A dair gave a historical review of the use of osm otic pressure, in w hich, surprisingly, the clim bing of K in g 's C hapel was show n to be a relevant factor. A d air's research on the use of osm otic pressure for the d eterm in atio n of pro tein m olecular w eights had been going badly, largely, as it tran sp ired from fu rth e r research, because the ion pressure differences involved w ere n o t p ro p erly recognized, still less elim inated. A dair was depressed and his friend, E. W allis was in a sim ilar state. T h e tw o m en had often discussed the feasibility of clim bing the K in g 's C hapel tow ers and b o th felt th e need for stim ulation from th eir w orking-day m oods. T h ey decided therefore to attem p t the clim b at the south-w est tow er. T h e first stage involved a 'b ack -an d -k n ee' operation up a section of the chim ney form ed by the projecting tow er and the m ain wall (see figure) . A t first A dair and his p a rtn e r found this operation extrem ely tiring and actually came dow n again to hold council. T h e y decided th a t if they gave up now they w ould pro b ab ly never clim b the tow er, so th a t after a short rest they started again. T h is tim e, the chim ney seem ed to be less difficult; they com pleted the first stage in good tim e and continued, eventually reaching the top w ith o u t any fu rth er serious difficulty. A dair said in late life th a t it was the best m o m en t of his life w hen he got his fingers firm ly over the cornice at th e top of the chim ney ju s t before p ulling him self over it. (T h e college later decided th a t this clim bing route m u st be blocked and inserted spikes, b u t these-still to be seen-were of no avail. It th en sought expert advice and, to prev en t handholds, a sm oothed block of stone was inserted on the route.) T h e success of the clim b gave b o th m en a trem endous uplift of sp irit and confidence w hich spilled over into th eir research problem s. A dair began to see the im portance of ion pressures and L to see how they could be conveniently handled. T h e way becam e clear for him to apply the m eth o d to haem oglobin and m any o ther pro tein s in w hich he was interested. C lim bing was also useful occasionally in a m ore m u n d an e way. H is wife used to tell the story of how G ilb ert, w orking late one evening in the Physiological L aboratory, realized th a t he was locked in the b u ild in g w ith o u t a key. It w ould have been easily possible to alert the p o rter b u t G ilbert, w orking on one of the u p p er floors at the back of the build in g facing the old police station, m erely opened a w indow and clim bed dow n a drainpipe. H e was greeted at gro u n d level by a sceptical policem an, w ho, suspecting the w orst, took h im into the police station to be interview ed by the su p erin ten d en t. By this tim e G ilb e rt was som ew hat concerned and he suggested th a t if the su p erin ten d en t w ished to confirm his story th a t he had been locked in the laboratory, he could telephone M rs A dair at her laboratory w here she was also w orking late. T h is the su p erin ten d en t did and in reply to his qu ery M rs A dair replied: 'Yes, th a t will be G ilb ert, b u t, believe m e, n o th in g you do to h im to n ig h t will com pare w ith w hat I do w hen he com es hom e. H e is w earing his best su it.'
M arriage and home life
It seem s th a t clim bing was also involved in his m arriage. M uriel Elaine R obinson cam e from a m odest fam ily of th ree daughters in S o u th p o rt. H er stockbroker father died w hen she was in her early teens so th a t the m o th er and three daughters had som ething of a struggle to survive. She cam e up to G irto n College in 1918 and read P arts I and II of the N atu ral Sciences T rip o s, obtaining firsts in b o th and a variety of scholarships, particularly the Y arrow S tuden tsh ip , to su p p o rt her in the p lan t biochem ical research w hich she then undertook w ith F. G ow land H opkins as supervisor. She was aw arded a R esearch Fellow ship at N ew nham in 1925(-30) and took her P h .D . in 1925, h er thesis being entitled 'O xidation m echanism s of the living cell'. She continued to w ork in the D ep artm en t of B iochem istry on a Beit M em orial Fellow ship u n til 1935, gradually changing over from plan t biochem istry to im m unochem istry and m ore physical biochem istry. In 1935 she transferred to the D ep artm en t of Pathology w ith the Jo h n L ucas W alker S tudentship w ith the p articular aim of p reparing p u re proteins and collaboration w ith H . R. D ean in his w ork on the prod u ctio n of antibodies in response to p u re proteins. She was very active d u rin g the w ar years in the teaching of m edical students and was appointed D irecto r of Studies in M edicine by G irto n College in 1945, w ith responsibility for the adm ission of m edical stu d en ts to G irton. She was a shrew d ju d g e of character and possessed a very ready and som ew hat caustic tongue, so th at being interview ed by her m u st have been som ew hat awesome. H aving had considerable experience in th e isolation and purification of proteins, it was natural th at G. S. A dair should know of and be interested in her work.
T h e ir scientific association began form ally in 1930, w hen they pu b lish ed tw o jo in t papers. F ro m th en on, for m any years they regularly p u b lished papers together on th e physical chem istry of proteins. H ow ever, she also continued to p u b lish w ith colleagues in the D ep artm en t of Pathology, on im m unochem istry (w ith G . L . T aylor), the freeze d ry in g process (w ith R. I. N . G reaves), and sim ilar topics.
M iss R obinson jo in ed A dair on some of his clim bing expeditions th o u g h she was n o t p resen t in S now donia w hen he had the m isfo rtu n e to fall and break a w rist. T h e w rist was set in L iverpool b u t he th en w ent on to recuperate at her paren tal hom e in S o u th p o rt. It seem s p robable th a t they grew closer as a resu lt and w ere m arried in Ju ly 1930 at All S aints C h u rch , Jesus L ane (the b u ild in g exists b u t it is no longer used as a parish ch u rch ), for she was an A nglican and regularly atten d ed S t B o to lp h 's C h u rch or later St M ark 's C h u rch , N ew nham , w here she was eventually b u ried . F o r a honeym oon they w ent clim bing to g eth er in Val d 'A osta, S w itzerland. B oth w ere enthusiastic m em bers of the Fell C lim bing C lub and clim bed consistently, often in the D olom ites u n til th e w ar years m ade this im possible. A fter th e w ar, w hen they w ere b o th in th e ir late forties, they took to cliff w alking in D evon and C ornw all as a su b stitu te for th e ir m ore vigorous earlier p u rsu its. T h e ir first hom e was in M illington R oad, C am bridge, b u t they m oved to th e ir m ore p erm an en t hom e at 92 G ran tch ester M eadow s in 1948, the big attractio n being the peace and quiet of the large and beautiful garden w hich extended dow n to 'P arad ise', one of the better-k n o w n backw aters of th e Cam . T h e y even b o u g h t tw o adjoining plots of land to provide a kitchen garden and p lan ted the now huge poplars at the b o tto m of th e garden to ensure fu rth e r th eir privacy. T h e tending of this very large and dem anding garden becam e to th em both a m ajor tho u g h pleasurable occupation.
O n one occasion G ilb e rt w orked th ro u g h o u t th e afternoon in the garden w hile M uriel p rep ared to en tertain guests w ho w ere com ing in th e evening. E ventually G ilb e rt cam e back into the house tired and g ru b b y and inform ed his wife th a t he w ould go up stairs and have a b ath . T h is he proceeded leisurely to do. T h e guests arrived and M u riel explained th a t G ilb e rt was bath in g after his aftern o o n 's exertions and w ould soon appear. B ut G ilb ert did n o t appear and eventually she w ent u p stairs to investigate. G ilb ert had forgotten ab o u t th eir guests and th in k in g th a t the n atu ral th in g to do after a b ath was to retire he was now sound asleep.
T h e garden was p articularly beautiful in the spring, w ith large n u m b ers of spring flowers m u ch in evidence am ongst the considerable n u m b e r of bushes and fru it trees, and becam e a haven for b ird s of all kinds. W ith a few exceptions (largely th e noisier b ird s like rooks, ducks and starlings) they w ere encouraged, and G ilb e rt often fed robins, blackbirds and even swans by hand. T h e swans approached the garden via the C am and its backw ater and if G ilb e rt did n o t have enough bread in th e house to feed them , he w ould (even w hen well into his eighties) m ake a special jo u rn ey into tow n for a supply. A pparently the swans came to u n d erstan d the situation for they w ould m eet him on the way back as he came along the riverside.
G ilb ert and his wife often w orked together, n o t only in the laboratory b u t also in the garden and generally at home. O ne of their chief pleasures at hom e was reading and they often read the same books, laughing together at am using episodes. M argery Sharpe, G eorgette H eyer and P. G. W odehouse w ere favourite authors, b u t the range of th eir reading was very wide. F o r them laboratory hours were very flexible. T h ey tended to work on until the job on hand was com plete, w hatever the hour. O n one occasion, one of the Low T em p eratu re Station engineers (M r W . Cannell) received a telephone call from M rs A dair at about 8.15 a.m. enquiring if her husband was in his laboratory. W hen told th at this was so, she asked that G ilb ert be told to retu rn hom e im m ediately, for his breakfast was on the table and the previous n ig h t's din n er was in the oven. A fter a few m inutes, G ilb ert took a taxi hom e b u t the engineer was astonished to see him back in his laboratory w ithin the hour.
Life in the A dair hom e was, as m ight be expected in view of his Q uaker beliefs, very simple, w ithout radio or television. C uriously, though, G ilb ert bought a H P 35 scientific calculator as soon as it appeared on the m arket and m ade good use of it. F o r m any years they regularly read The Times, until M uriel, a person of very definite opinions, disagreed strongly w ith some feature, after w hich they switched to The D aily Telegraph. As m entioned earlier G ilbert and his sister L ucy were very close friends and the death of their parents in the early 1920s drew them closer. L ucy later m arried M r Ew art Beswick (of Beswick Pottery) and the A dairs were frequent visitors to the Beswick home. L ucy Beswick had suggested to her husband the m anufacture of Beatrix P o tter figures, w hich proved to be very successful com m ercially, and G ilb ert was particularly pro u d of this piece of com m ercial acum en in his sister. M uriel died in 1975 and sadly L ucy also a few m onths later. A fter this, G ilbert did not move far from G rantchester M eadows, b u t he did form close friendships in the area for he was a lovable character. H e was a good storyteller and an excellent com panion. As one of his funny stories progressed he would get m ore and m ore excited, and at the climax w ould him self explode into laughter along w ith his friends who w ould be as m uch affected as A dair him self by his story. H e kept up his reading to the end; a book was lying open on his chest w hen he was found dead in his bed.
Career in Cambridge
O n his retu rn to C am bridge in 1920 he joined the Physiological L aboratory though he still retained an unofficial connection w ith the Food Investigation Board w hich was to continue for m any years. However, plans were now going ahead for the setting up of a R efrigeration Research Station (later the Low T em p eratu re R esearch S tation) in C am bridge on the edge of the D ow ning Site as far as possible from th e 'p u re ' u n iversity research laboratories of the site. T h is m aterialized in 1922 and in it A dair was generously g ranted cold room facilities w hich he co n tinued to use until his death 57 years later. T h a t he was very grateful for these facilities is clear from acknow ledgem ents in his papers.
In 1923 he was elected to a R esearch Fellow ship at K in g 's College d u rin g w hich he pub lish ed several m ajor p apers so th a t his prom ise becam e apparen t and in 1928 the college m ade h im an official Fellow for five years to enable him to concentrate on research. S h o rtly afterw ards, in 1931, he becam e an A ssistant D irecto r of R esearch in th e Physiological L aboratory, a post su p p o rted initially by the R ockefeller F o u n d atio n , w hich was renew ed u n til he was appointed R eader in B iophysics in the Physiological L ab o rato ry in 1945. In the m eantim e, in 1939, he had been elected F .R .S . H e held his readership u n til his retirem en t in 1963, w hen K in g 's College m ade him an H o n o rary Fellow.
In the early p a rt of his career, A dair travelled quite w idely. T h u s in 1923 he spent several profitable m o n th s w ith L . J. H en d erso n at the M assachusetts G eneral H ospital, laying the basis of several im p o rtan t papers in th a t period, as well as investigating clim bing op p o rtu n ities in the U .S .A . A pparen tly he clim bed P ike's Peak, n ear D enver, C olorado, and d u rin g this expedition he explored haem oglobin-oxygen equilibria at great heights. H ow ever, he did n o t find a suitable clim bing com panion so th a t this visit to the U .S .A . m u st have been d isappointing in this respect. A dair also regularly visited Scandinavia, notably U p p sala w here he form ed close friendships With K . O. Pedersen, particularly, and also w ith A. T iselius and T . Svedberg. W h en W o rld W ar II becam e im m in en t he was on a sabbatical visit to S v ed b erg 's laboratory and the late A. E. A lexander travelled back w ith him to this co u n try b y ship via Oslo. O w ing to the general blackout, portholes w ere covered and electric lam ps in cabins alm ost extinguished by dark blue paint. A lexander told how A dair had scraped a tiny pin-hole in this p ain t and spent m u ch of the jo u rn ey standing u n d er the lam p and reading a book held close b y the pin-hole. It was probably this jo u rn ey on w hich A dair b ro u g h t back m ajor pieces of a T iselius electrophoresis apparatus in his personal luggage w hich he th en set up in the Low T em p eratu re R esearch S tation. T h is was pro b ab ly the first such apparatus w orking in C am bridge and as w ith all techniques w hich he had utilized or developed he was always ready to share w ith others.
A fter 1945 he did n o t travel far afield b u t m any friends from hom e and abroad sought him out, th o u g h this was n o t always easy in view of the irregularity of his w orking hours. M any young (at the tim e) research students owe him m uch. In his sm all laboratory, he w ould happily dem onstrate all aspects of his osm otic techniques, answ ering questions freely and m aking suggestions regarding th eir application to specific problem s. T h e benches of his laboratory were usually alm ost com pletely covered w ith sim ple experim ental m aterials, usually in a variety of containers w hich had once contained dom estic m aterials like cocoa, chocolate, cigarettes, etc. A t first sight, it m ight appear disorganized b u t this was n o t so, for he knew w here everything was and he was m eticulous in seeing th at used articles w ere p roperly cleaned after use before being p u t away. T h e costs of his researches m u st have been very low. H is various osm om eters involved skilled glassblow ing, b u t he him self w ould make the less dem anding glass com ponents. H e rarely utilized laboratory in stru m ent m akers, preferrin g to buy sim ple pow er tools by w hich he him self m ade his various wood or plastic osm om eter accessories. F o r m any years his accurate p H m easurem ents w ere m ade w ithout a m odern p H m eter using traditional hydrogen electrodes and a potentiom eter, b u t m ore recently he did acquire a m odern p H m eter and glass electrode assemblies. As in so m any other things, he planned out his experim ental hours very carefully. If the tim e betw een taking readings was too short for other experim ental tasks, th en he had a supply of literature of such a type th at it was n o t so absorbing as to make him forget his next reading. T h e two volum es of Plutarch's Lives revised by A. H . C lough were favourites for these reasons b u t his laboratory contained m uch other reading m aterial. H e kept a supply of tinned food and coffee in his laboratory and even bottled fru it in the cold room s so th at he could be isolated from the outside w orld w hen he so desired.
It has som etim es been said th at he rarely w orked in collaboration b u t this does not bear exam ination. It is tru e th at he did n ot usually have research students w orking u n d er his supervision, b u t this largely reflects the fact th at the subject of his researches did not fall naturally w ithin the scope of the various T rip o s exam inations-n ot at all unusual for those who w ork in bridging fields. T h is was a disappointm ent to him and a loss to science for he was an excellent teacher. W hile he did n ot have research student collaborators, he did collaborate w ith m any who realized the value of his approach to the physical chem istry of proteins. T h eir nam es can be seen in the list of his publications and am ong them occur scientists from several laboratories in the university w here work akin to his own was being pursued. A m ong others m ay be m entioned J. Barcroft H e retired from official duties in 1963 b u t k ep t on his experim ental w ork in the Low T e m p eratu re R esearch S tation B uilding (now the S ir W illiam H ardy B uilding of th e D ep artm en t of B iochem istry) using a 0 °C cham ber w hich he had occupied for 50 years. O ver the last few m o n th s of his life his visits becam e few er and m ore irreg u lar b u t he still had his osm om eters equilibrating in the cold room at the very end.
H istorical background to early haemoglobin work
T h e state of know ledge th a t existed w hen A dair started his w ork on haem oglobin is described in S ir Joseph B arcro ft's book The respiratory function o f the blood (1914) and in J. T . E d sall's H istory o f blood and haemoglobin (1972) . T h e first indication of the large m olecular w eight of haem oglobin cam e from d eterm in atio n of its iron content. Zinoffsky (1885) found th a t horse haem oglobin contains 0.335% iron, and Jacq u et (1889) (1890) attem pted to d eterm ine the oxygen eq u ilib riu m co nstant assum ing a sim ple bim olecular reaction and the m olecular w eight derived from the iron content. H ow ever, he m easured the oxygen eq u ilib riu m for only one value of the oxygen tension for each of his solutions and took the hyperbolic shape of th e curve for granted. W hen B ohr, H asselbalch & K ro g h (1904) actually m easured the eq u ilib riu m curve of dog blood, p o in t by point, they found it to be n ot hyperbolic b u t sigm oid, im plying th a t the oxygen affinity rises w ith rising oxygen saturation. B ohr w ondered w hether w hat he called the haem ochrom e inside th e red cell differed from haem oglobin in solution, b u t B arcroft (1914) was able to reproduce B ohr, H asselbalch & K ro g h 's sigm oid curve also w ith solutions of pu re haem o globin. T h e only obvious way of reconciling the sigm oid curve w ith a m olecule containing only a single atom of iron was to assum e th a t m ore than one m olecule of oxygen com bined w ith one m olecule of haem oglobin, b u t this sim ple explanation was excluded by P ete rs's finding (1912) th a t the ratio of iron to oxygen was unity. Edsall (1972) is n o t sure how clearly this dilem m a was perceived by the early physiologists and suggests th a t the young A. V. H ill m ay have been the first to w hom it becam e obvious. H ill (1910) suggested th a t the sigm oid curve m ig h t arise from the aggregation of haem oglobin into tw o, th ree or m ore un its of m olecular w eight* 16 700 so th a t the reaction of the first u n it w hich com bined w ith oxygen was followed so quickly by the reaction of th e o thers as to be alm ost sim ultaneous, m aking the concentration of interm ediates neglig ibly small. T h e n if th ere are n subunits, th e fractional saturation w ould be proportional, no t to the partial pressure of oxygen as in a hyperbolic curve, * Now known as relative molecular mass. b u t to the nth pow er of th at pressure, giving a sigmoid curve. F rom the published equilibrium curves he calculated th at 2.5 and therefore suggested that the m olecular w eight m ight be between two and three tim es 16 700. H ill's equation accounted for th at p art of the oxygen equilibrium curve that could be m easured at the tim e, b u t it im plied th at for > 1, the initial slope of the curve should be zero, w hich was hard to believe. It should also be realized th at early in this century there existed an influential school of chem ists led by W olfgang O stwald who regarded proteins as colloids of indefinite m olecular w eight and considered the binding of oxygen by haem oglobin to be due to adsorption.
D irect attem pts to determ ine the m olecular weight of haem oglobin by osmotic pressure also go back to the 1890s and produced conflicting answers, because the early investigators failed to take account of the effects of salts and m em brane potentials and did not continue their m easurem ents until equilibrium was reached. M oreover, their m em branes were not truly sem iperm eable.
Early work
A dair's first published and little-know n b u t fundam ental work on the diffusion of electrolytes in gels (1) originated in his work for the Food Investigation Board and through association w ith W . Stiles at the D epartm ent of Physiology, U niversity College London. Stiles had made an experim ental study of the penetration of sodium chloride into tubular agar gels containing silver nitrate, the degree of penetration being indicated by the sharp interface of precipitated silver chloride. In this apparently simple system considerable com plexity had become evident w ith an unexpected dependence of apparent diffusion coefficient on both sodium chloride and silver nitrate concentrations. A dair made a typically thorough theoretical investigation of the m ethod, going back to the appropriate solutions of F ick's Second Law of diffusion, carrying out various experim ental tests to establish sound boundary conditions, and devising experim ental procedures which allowed of m ore valid theoretical treatm ent. In a fu rth er collaborative paper w ith Stiles (2) he investigated the effect of gel (agar or gelatin) concentration, and attem pted to link their findings w ith the theories of gel structure of the time. A dair did not retu rn to the direct study of diffusion in any subsequent paper. However, other contributions, also in 1921, showed the direction of his future interests. A t a m eeting of the Physiological Society (3) he dealt w ith the relation of K in the H ill equation to C 0 2 pressure and w ith J. Barcroft and A. V. Bock, M oseley Travelling Fellow from H arvard, published a paper (4) in which it was shown that w hen haem oglobins from different individuals are separated from corpuscles, indistinguishable 0 2-dissociation curves are obtained, though in the presence of the corpuscles quite different curves are obtained. Collaboration w ith A. V. Bock was to continue for several years, for on B ock's retu rn to the M assachusetts G eneral H ospital, Boston, he was joined there by A dair in 1923.
P ublications at this period reflect very m uch the influence of L . J. H enderson. T h u s w ith A. V. Bock and H . F ield Jr he pub lish ed a detailed study of acid-base eq u ilib riu m in the blood of diabetic patien ts being treated w ith insulin (6), b u t his m ind was also tu rn in g to m em brane equilibrium for in a short note (5) to Science in July 1923 he was p o in tin g out th a t D o n n an 's theory of m em brane eq u ilib riu m of 1911 was really im plicit in G ib b s's w ork p ublished in 1875. F o r the rem ainder of his w riting career, G ib b s rem ained a m u ch -q u o ted therm odynam ic starting point. H ow ever, it seems clear th a t the m ajor scientific achievem ent in his stay at the M assachusetts G eneral H ospital was the laying dow n of the foundations of the group of six papers (12) on 'T h e haem oglobin system ' w hich were to be published tw o years later (1925) . A fo reru n n er to this series was the con trib u tio n w ith Bock and Field (9) in 1924 on the oxygen and carbon dioxide dissociation curves of hum an blood in w hich a large mass of experim ental data was included. It was pointed o ut here th a t the oxygen dissociation curves did n ot conform to H ill's equation, K x n y~ 1 +K w here y is the fractional oxygen saturation, x the oxygen pressure, K a constant and n the degree of aggregation of the 16 666 m olecular w eight u n it of haem oglobin w hich, at the tim e, was accepted as occurring exclusively in w ater.
T h e authors confessed th at at this tim e they did n o t have an alternative theory to th a t im plicit in H ill's equation to offer for the m echanism of oxygen uptake. H ow ever, in paper V I of the 1925 series, 'T h e oxygen dissociation curve of haem oglobin', A dair retu rn ed to this subject, pointing out th at though qualitatively H ill's theory was confirm ed, for n was indeed greater than 1, quantitatively, experim ent did n o t su p p o rt it. But now A dair was able to suggest an alternative m echanism . If it were assum ed th at haem oglobin was a tetram er of m olecular w eight 66 700, then on com plete saturation by oxygen, the form ula of oxy-haem oglobin could be w ritten H b 4( 0 2)4. H e assum ed th at this m olecule was b u ilt up and broken dow n in stages, and from this m odel derived the general equation
where x and y are as defined for H ill's equation and the various apply to the different stages of oxygenation. W here the are identical he showed that this simplifies to 0.25 K x y = 1 + 0 . 2 5^ x* b u t pointed out th at this equation did not apply to haem oglobin. R ather he suggested th at the four iron atom s m ay be close together and the system w ith four oxygens may be very m uch m ore stable than the interm ediates. W ith such a distribution of iron atom s he p u t forward, 0.2 5 (K k) + 0.25(/&c)2 + 0.25(i£x)3 + (. )4 37 " l+ iC x + O .S^^ + O JS S^x^ + CiCx)4 ' He gave no derivation of this form ula, b u t one infers th at the w eighting factors were em pirical ones chosen to fit the experim ental points in his figure 2 in place of the w eighting factors derived from kinetic theory if the K s were all the same. A dair concludes: 'It will be seen th at although the oxygen dissociation curve has been attacked by m any workers no solution has been p u t forw ard which gives a com pletely satisfactory reason why the curve has a form adapted to the needs of the organism , rather than the form given by the simple laws of physics and chem istry.' It was another 45 years before the reason was found.
A dair him self did not go fu rth er in this direction until 52 years had elapsed w hen he was joined by K . Im ai from the M edical School in Osaka U niversity, Japan. Im ai and his colleagues in Japan had developed an autom atic m ethod of recording accurately the oxygen dissociation curve of haem oglobin and Im ai joined A dair (67) in suggesting simple m ethods by w hich the constants of the system m ight be determ ined as well as the fractional populations of the different products of oxygenation. T h e earlier papers of the 1925 series were concerned w ith classifying the reactions of haem oglobin w ith acids, bases and oxygen (I), treating such reactions in term s of therm odynam ics (II), w ith the haem oglobin-C O 2 system (III), w ith the sim ulation of blood by a h aem o g lo b in -N aH C 0 3 m ixture (IV), and w ith the relation of haem oglobin and bases (V). A dair stressed that since one reaction of haem oglobin had an effect on the others, it was necessary to carry out all experim ents on the same solution, and in papers III and V he p u t this proposal into effect, recording there a large am ount of experim ental data on the different reactions. H e writes: 'T h e conception of haem oglobin as a part of a system is of m ore practical value than the usual conception of it as a very labile or unstable .' In the first paper of the series, A dair tried to measure the am ount of C 0 2 com bined w ith haem oglobin. He may not have noticed the protons liberated on com bination of C 0 2 w ith haem oglobin which m ust have changed the equilibrium between bicarbonate and C 0 2 in solution. Even so, Adair arrived at the correct conclusion th at one mole of haem oglobin com bines w ith not less than three moles of C 0 2. In the fifth paper of the series, on com bination w ith bases, A dair finds the correct value for the oxygenation Bohr effect near neutral p H (0.5 proton liberated per oxygen bound) b u t curiously in the sixth paper, on oxygen equilibria, he reports a continuous rise in the Bohr effect from zero at pH 6 to 1.0 at p H 8.5; it is not clear how he missed the decline in the Bohr effect above p H 7.4. He derives the correct heat of oxygenation, 13 600 calories per oxygen bound. In the second paper of the series A dair tries to develop 'the theory of reactions w hich do n o t obey the law of constant p ro p o rtio n s'. S tarting from G ib b s's theory of chem ical potentials, he tries to form ulate the m utual effect of oxygen and C 0 2 on the equilibrium of haem oglobin w ith these two gases, b u t arrives at the result th at (dpQJ dpCOl) = Z, a constant, w here p Ql and p COl probably represent pressures at half saturation, though this is not clear. H e fails to arrive at the linkage equation w hich W ym an (1948) derived by starting from the same prem ises. T h e introduction to this paper m entions a patient w ith polycythaem ia whose blood expelled the norm al volum e of C 0 2 on oxygenation even tho u g h the mass of haem oglobin was 50% above norm al. H ad A dair followed up this observation he m ight have discovered an abnorm al haem oglobin w ith high oxygen affinity and a dim inished B ohr effect. As it was, it took u ntil 1966 before such a haem oglobin was found (C harache, W eatherall & Clegg 1966).
In 1920 Barcroft had suggested th at A dair m ight determ ine the state of aggregation of haem oglobin u n d er different solution conditions by the use of osmotic pressure and in 1924 A dair published a note (11) dealing w ith the osmotic m ethod. In this note he referred to osm otic pressure m easurem ents on haem oglobin solutions w hich had been perform ed in the M assachusetts G eneral H ospital. H e also attem pted to assess the reli ability of the osmotic m ethod, suggesting appropriate conditions for attaining consistent results and recalculating the published results of other w orkers using his m odified equations. In the 1925 series of papers A dair also m entions th at osmotic pressure m easurem ents on haem oglobin solutions had been m ade though he does n o t there describe them or give actual results. In the first of his osmotic pressure experim ents A dair had modified Sorensen's m ethods using cylindrical collodion (cellulose n it rate) m em branes containing the protein solution and m aking m easure m ents of the rate of osmosis as a function of applied pressure head. T h is work is described only in a K in g 's College Fellowship T hesis. However, he was m uch concerned w ith the instability of his protein systems, w ith the effects of capillarity in the m easuring tubes and of adsorption on the m em brane. In avoiding such difficulties he largely abandoned the dynam ic approach to osmotic equilibrium , preferring to await tru e equilibrium at near freezing tem perature. H e also simplified considerably the osm om eter construction. T h is work is described in a m uch-quoted paper (14) of (1925), in w hich he also describes the criteria by w hich tru e osm otic equilibrium could be judged: perm anency, reversibility and reproduci bility of pressure. H e quotes accuracy to 0.1 m m H g, w hich corresponds to 1 x 10" 5 degree in depression of the freezing point. In a fu rth er m ajor paper (15) in 1925 he deals w ith the osmotic pressure of haem oglobin in the absence of salts, a crucial issue in interpreting haem oglobin-oxygen dissociation curves. T h u s he fulfilled the com m ission w hich he had undertaken at B arcroft's suggestion. In p art II of The respiratory function of the blood (p. 79) B arcroft in 1925 pays unstinting trib u te to A d air's osmotic pressure work. T hus:
'W hen I think of the.dialyser w hich I used in order to obtain salt-free haem oglobin . . . and w hen I com pare that apparatus w ith the beautifully simple and efficient osm om eters of Adair, w ith collodion m em branes of texture so exquisite as ju st, and only ju st, to retain th e haem oglobin molecule, yet capable of standing high pressures, m em branes possessing a sufficient relative surface to allow of the m axim um rate of dialysis, then I realize how far A dair has gone-I appreciate a little of w hat lies behind the apparently naive statem ent in one of his papers: "A fter a few years' practice the proportion of failures was less than 10 per cen t." A few years' practice!' P ointing out that the osmotic pressure values of various w orkers at a given haem oglobin concentration covered a fourfold range, he then showed that the higher values were associated w ith higher electrical conductivities arising from the presence of undialysed acid or base. He further w ent on to show that, in highly purified solutions at the isoelectric point, the m olecular w eight was four tim es the equivalent weight. Effectively therefore A dair's publications in 1925, concerning both the osmotic pressure and dissociation curves of haem oglobin, altered dram ati cally the course of haem oglobin research, showing the inadequacy of previous views based upon H ill's equation and a 16 700 molecular weight in water, and giving substance to the idea of a tetram eric haem oglobin w hich reacted w ith oxygen in stages. He published the correct molecular weight in 1924, a year before Svedberg did.
A t this period, A dair's m ajor contribution to the osmotic m ethod of m easuring m olecular w eight was his recognition of the im portance of ion pressure differences, and it was of clear im portance in this work to have m ethods of evaluating them directly. In his contribution to an International Physiological Congress in Stockholm in 1926 (16), he introduced m em brane potential m easurem ents for this purpose, assum ing a form of D alton's law for the com bination of protein osmotic pressure and ion pressure (7tj) to give observed pressure (7tobs), ob s = n p + n iHe also pointed out that was negligible in the physiological range of salt concentrations for haem oglobin solutions, and that nohs and np were each proportional to protein concentration when the latter was below 3 . In a further major publication (19), starting from a G ibbs equation he published a very com plete therm odynam ic treatm ent of osmotic pressure and m em brane equilibria, w ith an extensive application to haemoglobin solutions in the presence of salts. In addition to osmotic pressure m easurem ents carried out until com plete equilibration had been achieved against a constant com position of diffusible salts in the outer fluid, he m easured the potential across the m em brane using saturated calomel electrodes as recom m ended by Loeb, took samples of inner and outer liquids for analytical determ inations of both protein and salts and calculated protein charge from acid and base-binding pow er. T h is m anysided approach was typical of m uch of his future work. In this way he was able to determ ine the partial osmotic pressure due to protein ions and by systematic investigation was able to conclude th at 'certain variations form erly attributed to changes in aggregation are due to the existence of great deviations from the law of van't Hoff'. F u rth er, over a wide range of pH and of electrolyte com position, the degree of aggregation appeared to be constant. In draw ing these conclusions, he had m ade valuable m easurem ents of activity coefficients of salts in the presence of large m ultivalent protein ions, even w here Debye-H uckel theory was strictly inapplicable. T h u s, for example, he was able to show th at the presence of protein caused such a reduction in activity coefficient th at an excess of the ion of the same sign of charge relative to the outer fluid som etim es occurred. It was natural to proceed (20) to the activities of the proteins in the following year (1929) , distinguishing between the activities of the protein salt and the protein ion. T h u s he reported th at over the range 0.0002-0.0040 m in haem oglobin, the activity coefficient of the protein salt varied from 1.05 to 5.0 whereas for the ion the values were 1.03 to 3.6 Such values are not com m only available even today. T h e first ten years of A dair's research career were his m ost creative. He had taken up the study of an im portant protein, haem oglobin, w hen notions concerning it were vague and alm ost mystical and by a clear-headed and im aginative application of physico-chem ical (largely therm odynam ic) theory and technique, he had shown that, though com plications arose because of the size of the molecule, yet nevertheless it did obey the laws of physics and chem istry in com m on w ith low m olecular w eight materials. T h is was invaluable not only in his own work, b u t also for the developm ent of biophysics and biochem istry generally.
F urther work-pre-1946
A natural division in A d air's fu rth er work occurs w ith the w ar years, during which he was heavily engaged in the Physiological L aboratory w ith the teaching of medical students. F o r the period 1930-46 his work falls into three categories:
(i) application of osmotic and allied m ethods to new protein systems, (ii) further developm ent of m ethods, both theoretical and experim ental, (iii) investigation of general allied topics, e.g. hydration of proteins. A t this period he had become well known am ong protein chem ists and biochem ists as an authority on the use of osmotic pressure. T h u s he was asked to review the field and his lecture to the L eather T rades Chem ists (29) is an excellent account at the tim e of the osmotic m ethod, its requirem ents and the interpretation of results. H e also w rote the 1937 article (42) in A nnual Review of Biochemistry on 'Proteins and am ino acids' in w hich his own physico-chem ical viewpoint of the subject was very clear.
H aving established an arm oury of techniques for the physico-chem ical investigation of proteins, he now proceeded to use it on a variety of proteins, often in collaboration w ith his wife or others who had an interest in the particular protein studied. T h u s w ith E. H . Callow he studied the osmotic pressure of concentrated gelatin solutions (23), w ith M . E. Robinson (later M rs A dair) he tu rn ed to serum album in and globulin (25), w ith J. and A. Roche, he and his wife investigated the osmotic behaviour of various globins (28) and of various haem ocyanins (33, 36) . D uring such work, im proved m ethods of isolating and purifying the various proteins were often developed, extensions of the techniques were sometimes made and occasionally new procedures introduced. T h u s in 1930 (24), in a paper on 'T h e specific refraction increm ents of serum -album in and serumglobulin' A dair and Robinson revived the use of the dipping refractom eter for the determ ination of protein concentration, b u t in the same paper they also described a rapid m ethod for the preparation and purification of the proteins. In a following paper (25) they made a careful investigation of the osmotic behaviour of these proteins, accurately estim ating ion pressures by the use of careful m em brane potential m easurem ents. T h ey assigned molecular weights of 72 000 + 3000 to horse serum album in and 175 000 to unfractionated horse serum globulin (70000 and 175 000 for the cor responding ox and sheep proteins respectively), which are close to the m ost accurate values now available. T hey also concluded that the proteins possess the same m olecular weight values in the original serum , w ith no tendency to com pound form ation. Effectively this work finally removed the criticism of Svedberg and others that the D onnan equilibrium across the m em brane rendered uncertain the molecular weights determ ined by osmotic pressure. Such a criticism was valid before A dair had evolved his m ethods of evaluating ion pressures, b u t after 1927 (18), the osmotic m ethod could be regarded as soundly based, possibly more so than the non-therm odynam ic sedim entation velocity m ethod. It is usually con ceded that the osmotic m ethod lacks the sensitivity desirable for very high molecular weights (e.g. exceeding 300000), b u t Roche, Roche, A dair & A dair (36) attem pted an osmotic investigation of various haem ocyanins whose molecular weights were thought to be as high as 5 x 106. Osm otic pressures m easured were extrem ely small ( ^ 1 m m H g) and no qu an titat iv e values for m olecular weight were reported, b u t a novel attem pt was made to utilize the distribution of protein along the cylindrical m em brane under gravity. T his was strictly com parable w ith P errin 's work on the distribution w ith height of gamboge particles in suspending liquid on a microscope stage and close to sedim entation equilibrium in the ultra-centrifuge. F or the lower molecular weight haemocyanins ( and Carcinus), the concentration distribution was in broad agreement w ith expectation b u t for H elix haemocyanin the discrepancy observed was attributed to insufficient equilibration even after 16 days. A dair did not return to the experim ental side of gravitational redistribution b u t m uch later (1968) he published a note (66) w ith F. G. Elliott on the molecular weight of the haemocyanin from Pila leopoldvillensis as determ ined by osmotic pressure. In this case, pressures as low as 0.13 m m of toluene were reported w ith an average molecular weight of 8.6 x 1 0 , in substantial agreement w ith light scattering results. However, this work was made possible only by the substantial im provem ents in osm om eter design which he had made in the intervening years (see 63).
O ther applications of osmotic m ethods were to sera, both norm al and im m une (44), to freeze-dried sera as a means of investigating possible effects of the freeze-drying process (47), and to a low density, high lipoid protein precipitating between 50 and 60% saturation by am m onium sulphate (48). T h e latter material was almost hom ogenous electrophoretically, possessed a molecular weight of 370000, and gave m em brane potential effects very similar to those of album in at the same concen trations of nitrogen. No further studies on this material were reported. Haemoglobin and acid haem atin under a variety of solution conditions received further study by the Adairs who published (43) an osmotic pressure-pH curve for haem oglobin extending from pH 1.08 to 11. T hey reported constant molecular weight between p H 6.8 and 9.2, and a lowering in molecular weight at and below p H 5.6, b u t the form ation of acid haem atin at p H 4.4 was not correlated w ith any large change in molecular weight.
Developm ent and careful use of the m em brane potential m ethod is prom inent in this interm ediate period of A dair's work. A very thorough account of the m ethod and its use in determ ining the valence of protein ions was published with M . E. A dair (31). U tilizing only small volumes of protein solution, six different proteins were selected and after equili bration w ith well-defined buffer solutions at definite p H and ionic strength, the relation between m em brane potential (E) and protein concentration (Cv) was studied. F or 0.002 V, accurately linear be haviour was observed, which yielded a lim iting slope ( ). It was shown that the mean valence (np) could be calculated from
where M is the molecular weight, and J double the ionic strength in the dialysate. T he authors also com m ented on the discrepancy between ion concentrations inside the m em brane as determ ined by chemical analysis (where bound ions would be included) and those calculated from m em brane potentials. T hey return to this question in discussing the determ ination of the electric charge of colloidal ions (35), suggesting that of the m ethods available, electrophoresis, osmotic pressure and m em brane potentials, the latter is the best providing the potentials are small, providing extrapolation to zero concentration is perform ed so that activity coefficients are elim inated, and the com position of the outside fluid is kept constant. In a further paper (32), on the basis of a very thorough study w ith sheep haem oglobin, they recom m ended the use of m em brane potential m easurem ents in the determ ination of isoelectric and isoionic points. F or accurate m easurem ents of isoelectric point they recom m ended the use of concentrated protein solutions equilibrated thoroughly against dilute buffer at 0 °C. In this way the mean valence (« ) was calculated at various pH values, and the p H determ ined at which np became zero. Isoionic points were determ ined from the distribution of salts across m em branes as well as by m easuring the p H of concentrated protein solutions in distilled water. F or com parison, the isoelectric point was studied as a function of ionic strength (T). By extrapolation against y jl, a linear relation was obtained which gave an accurate value of the isoionic point agreeing closely w ith m ore direct determ ination. T h e experim ental work in this paper is especially notable for its accuracy and thoroughness, e.g. the isoelectric points of seven uncrystallized CO -haem oglobin preparations at an ionic strength of 0.02 were reported as 7.06 + 0.01, b u t there was a lowering w ith increase in salt concentration. T h e isoionic point of the crystallized haem oglobin was p H 7.6, as against 7.45 + 0.01 for the uncrystallized material. T h ere were small b u t m easurable differences between the results for sodium and phosphate buffers and on the basis of the distribution of am monia and phosphoric acid between protein crystals, protein solution and dialysate they attem pted to resolve the question of w hether actual com pound form ation between anion and protein occurred (e.g. [C l.P r]-) or w hether the effects could be explained by interionic attraction. T heir observations favoured combination, b u t they missed the binding of specific anions by deoxyhaemoglobin which was later found to be crucial to the understanding of its function. It was of great interest that the m inim um of osmotic pressure observations was found to occur between the isoelectric and isoionic points. O n the theoretical side, Adair further developed the therm odynam ics of protein (34) and m em brane-containing (41) systems. H is starting point was usually G ibbs, b u t he took account of the more recent extensions of D onnan, G uggenheim and others. He was concerned that theory should cover the case of a protein which could form a series of com pounds with simple ions and that it should be applicable to all the measurable aspects of such systems, e.g. m em brane potentials and distributions, molecular weight calculations in the presence and absence of salts, hydration of proteins, effect of gravitational or centrifugal fields, and of dialysis in general. An interesting com bination of theory and experim ent became possible w ith the A dairs' visit to Svedberg's laboratory ju st before the outbreak of W orld W ar II. T he Tiselius electrophoresis technique had become available from w hich accurate electrophoretic m obility m easure m ents were made on haem oglobin systems over a range of p H at constant ionic strength. These values were then com pared (46) w ith m obility values calculated on the basis o f spherical haem oglobin molecules of m olecular weight 67 000, w ith the use of H en ry 's function and charge values from m em brane potential m easurem ents. T h e agreem ent was b etter than expected, and it was shown th at higher ionic strength had a pronounced effect on the isoelectric point, as m em brane potential work had previously shown.
In interpreting osmotic m easurem ents, particularly at high concen tration, A dair had been concerned about the hydration of the protein, which effectively removed a portion of the solvent and reduced the true solvent volume. In 1928 (19) he had suggested that 0.21 m l of w ater per gram of dry haem oglobin would fit his results, and in 1931 w ith M . E. Robinson (26) he returned to this subject attem pting to determ ine hydration by a direct m ethod. T h e protein was rapidly dried from solution in w ater by means of a vacuum pum p and weighed. It was then allowed to equilibrate in a desiccator at room tem perature w ith am m onium sulphate solutions at 83% of the vapour pressure of pure water. H e thus obtained the value 0.201 g w ater per gram of protein for haem oglobin and a very similar value for egg album in, though in the latter case, the precise value obtained was dependent upon the vapour pressure of water. T h ey later (39) approached this subject via the densities of protein crystals in aqueous media. Previous work of a similar kind had utilized various m ixtures of high density organic liquids, b u t the Adairs took the view th at the crystals could not be freed from m other liquor w ithout the risk of irreversible damage. Various solvents were chosen containing high concentrations of am m onium sulphate, phosphates, or citrates to which sucrose was added to give higher density. A preparative-type centrifuge was used to spin a suspension of the protein crystals in several samples of the above m edia which covered a short range of density. Tw o similar solvents could norm ally be found in one of which the crystals ju st sedim ented and in the other ju st floated. T h e crystal density was taken as between the densities of the two media. Several crystalline proteins were studied as well as n o n crystalline and heat-denatured materials. T h e crystal densities were a function of the com position and p H of the m edium and it was concluded that the crystals were highly perm eable and reached equilibrium w ith the com ponents of the m edium . In all cases, the crystal densities were lower than the apparent densities of the proteins in aqueous solution, probably because of the presence of w ater of hydration.
T his study benefited Perutz after he had joined J. D. Bernal as a research student in 1936. Perutz w anted to do X -ray crystallographic work on substances of biological interest, b u t Bernal had none to offer him and made him work on silicate m inerals instead. In the sum m er of 1937 Perutz w ent to see Felix H aurow itz, then a professor of biochem istry at Prague, who suggested to Perutz th at he should try to work on haem oglobin and told him that A dair knew how to crystallize it. On his retu rn to C am bridge Perutz approached A dair, and a few weeks later A dair brought him crystals of horse m ethaem oglobin, rem arking in his usual diffident way: 'I am afraid they are very small; I am not sure that they will be of use to you.' In fact they were very large by crystallographers' standards and gave magnificent X -ray diffraction pictures. L ater A dair showed Perutz how to prepare the crystals from horse blood and allowed him to do this in his own laboratory in the Low T em perature Research Station since there were no facilities for biochemical work at the Cavendish Laboratory. In this way A dair helped to start him off on his life's work. A few years later, A dair, together w ith W . L. Bragg, became his P h.D . exam iner, and Bragg made Perutz explain to A dair w hat a Patterson synthesis was. Perutz was delighted when, at the end of the viva, Bragg and A dair told him that he had passed and he proudly announced that news at tea in the Crystallographic L aboratory, only to be deflated by the caustic A. F. (Jum bo) W ells w ith the retort 'N obody ever fails'.
T h e A dairs' research on the com position and perm eability of haem o globin crystals also form ed the starting point for P eru tz's and Bragg's later attem pts to determ ine the F ourier transform of the external shape of the haem oglobin molecule by altering the density of the interstitial liquid in the crystal and observing the effect of these changes on the X -ray diffraction pattern (Perutz 1946; Bragg & Perutz 1952) . T h e density of denatured proteins was only slightly higher than that of crystals and a plant globulin, edestin, had a higher crystal density than those of the animal protein crystals studied. Sucrose in the media increased the crystal densities. Values for the w ater of hydration varied between 0.23 g p e r gram of protein for crystalline egg album in to 0.30 for serum album in and haem oglobin. F or heat-coagulated egg album in the hydration was 0.17 g per gram. A lthough the m echanism by which this w ater of hydration was held was not known, it was argued that in solution it was likely that dissolved molecules were hydrated to an equal or larger extent. Such water of hydration would affect Svedberg's frictional ratio since it would effectively increase the volume of the molecule and for haemoglobin, a correction for 0.344 g H 20 per gram of protein reduces the observed ratio from 1.25 to 1.10. A dair and his wife returned (51) to a similar topic ten years later, becom ing interested in the density increm ent (&d) of proteins, i.e. the difference in density between protein solution and dialysate, divided by protein concentration (g/ml). A lthough kd was a function of composition and pH of the m edium , its variation w ith protein concen tration was extremely small. T h eir experim ental results were interpreted in detail in term s of uptake of w ater and ionic species.
D uring this period A dair was associated w ith several pieces of work in the Physiological L aboratory and elsewhere which made use of A dair's experience or expertise. T h u s w ith M . E. Adair and G. L. Taylor (27), he investigated the precipitation reaction for the estimation of proteins. T he proteins were egg albumin and serum globulin, and in addition to the careful preparation of pure proteins, physico-chemical characterization had also been carefully performed. W ith several others he was associated w ith F. J. W. Roughton (40) in a study of the therm ochem istry of the 0 2-haemoglobin reaction, where a comparison of observed heat of reaction w ith that calculated from the V an't Hoff isochore was made. Agreement within experimental error was observed. H is expertise was also called upon in connection w ith the adsorption of haemoglobin on oil droplets (49), where it was shown that a considerable degree of denaturation occurred after adsorption.
Further work-post-1946
Adair took a prom inent part at the 1948 Barcroft M emorial meeting on haemoglobin in Cambridge. Since he had worked with Sir Joseph Barcroft on haemoglobin problem s immediately after W orld W ar I, he was in a good position to review Barcroft's work on the oxygen-haemoglobin dissociation curve (53). At the same m eeting he contributed two further papers (54, 55), the first continuing his therm odynamic treatm ent of the effect of salts on the activity and solubility of haemoglobin, and the second containing a brief description of some of his osmometers and techniques, including the use of columns of toluene instead of aqueous solvents to minimize capillarity problems. In the first paper, Adair made use of osmotic and membrane potential measurements on concentrated haem o globin solutions containing sodium chloride as well as sodium and am monium phosphate buffer mixtures and then proceeded to calculate the effect of the protein on the activities of the salts as well as the protein activity as a function of phosphate concentration. T he latter behaviour did not agree with the indications of solubility measurements and the conclusion that salts affect activity coefficients in the solid phase is difficult to escape. M ore so since it is known that haemoglobin crystals, equili brated with am monium phosphate solutions, do contain excess salt.
However, to a large extent A dair's published work in the postwar years involved collaboration w ith a num ber of workers from the Low Tem perature Research Station and from other departm ents inside and outside of the university. T h u s w ith A. G. Ogston and J. P. Johnston (50) he collaborated in investigating the methaemoglobin from the tracheal cells of the larva of Gastrophilus (the bot fly), obtaining a molecular weight of 34000 for a preparation which sedimented homogeneously in the ultracentrifuge. W ith T .-C . Tsao and K. Bailey, Adair (56) examined the size, shape and aggregation of tropomyosin, discovered by Bailey two years previously. Osmotic methods were extensively used over a variety of conditions. T h u s in 6.7 M urea and acid at pH 2 the molecular weight was 53 000, but it was higher at 61 000 in alkali at pH 12. In salt solution at pH 6.5, the molecular weight was m uch higher at low ionic strength but decreased m arkedly w ith increase in ionic strength slowly approaching 53 000. Exposure to urea solutions destroyed the ability of the protein to crystallize. Solutions of tropom yosin showed anomalous viscosity be haviour, probably as a result of structural effects b u t an intrinsic viscosity value was quoted at m oderate shear rates. No end groups were detectable and it was thought that the molecule m ight exist as a closed cyclic peptide.
Adair profitably joined S. M . Partridge and H. F. Davis in their work on the chem istry of connective tissues (57, 58). U sing 0.25 m oxalic acid at 100 °C on ligam entum nuchae of cattle, they transform ed the elastin into a soluble protein w ith only 5% loss of nitrogen as small peptides. T he protein was soluble in w ater and buffer solutions below 25 °C but precipitated as liquid droplets from dilute buffers at p H 4-6 on warming. It m igrated as a single com ponent in Tiselius electrophoresis at I 0.20 and pH 2-9 though fractionation showed it to contain a m ajor (a-) com ponent of mean molecular weight 60 000-84 000, responsible for the coacervate formation and a m inor (/?) soluble com ponent w ith a mean molecular weight of 5500. T he two proteins were liberated at different rates and the bearing of such observations on the structure of the native elastin was discussed. A further contribution by the same authors (62) dealt w ith the constitution of the chondroitin sulphate-protein complex in cartilage. T he complexes were isolated from bovine hyaline cartilage and the chemically determ ined polysaccharide chain weight (Cn) of 5 x 104 was compared w ith the osmotic molecular weight ( for the complex of (1-5 ) x l 0 6. T hus the osmotically active molecule contained 20-100 polysaccharide chains. Since digestion of the protein portion by papain reduced M n to 28 x 103 while Cn was not affected, it appeared that the polysaccharide chains were linked by protein, which originally had masked some of the reducing groups of the polysaccharide chains. Similar degradation experiments were also perform ed w ith hyaluronidase. It was concluded that the complex may exist in solution as a macromolecule w ith M n = (1-5) x 106 or as an aggregate of smaller units of M n 750 x 103 each containing at least 23 chrondroitin sulphate chains of Cn = 28 x 103. In the latter case the chains are connected to the protein core by a single linkage which is not the term inal reducing residue.
Adair also collaborated w ith N. K. Boardman (60) in an early application of ion-exchange chrom atography to the examination of COmyoglobin, where the main com ponent was found to have the u n expectedly high molecular weight of 18400 and a higher num ber of various residues than previously supposed. A m inor com ponent of very similar absorption spectrum was also observed.
D uring the applications of m em brane methods to various proteincontaining systems, Adair had been steadily perfecting his techniques over the years, but only rarely did he give these improvements more than passing mention in his own publications. T h u s his most sophisticated
